To produce pure activated carbon (AC) with low potassium ions (K + ) content for supercapacitor, coconut-shell AC activated by KOH was treated with a novel oxidation-ultrasound process on the basis of hydrochloric acid (HCl) washing. The electrochemical performances of the ACs as supercapacitor electrodes were characterized by cyclic voltammetry (CV), galvanostatic charge-discharge (GC), and electrochemical impedance spectroscopy (EIS). Results showed that the obtained AC, which was washed with 1.0 wt% HCl solution for 120 min and subsequently treated with 0.6 wt% H 2 O 2 solution at 60°C in an ultrasonic oscillator for 8 h, possessed a K + content of 46 mg/kg, much lower than that of 417 mg/kg of the AC without oxidationultrasound treatment. Furthermore, a large specific surface area and pore volume of 3460 m 2 /g and 1.869 cm 3 /g, respectively, were obtained for AC after oxidation-ultrasound treatment. A high specific capacitance of 306 F/g at the current density of 1 A/g in 1 M H 2 SO 4 electrolyte was observed for the prepared AC, indicating it has good electrochemical performances, and remained at 294 F/g with a capacitance retention of 96% after 3000 cycles, indicating excellent stability and capacitive behavior of the AC electrode for supercapacitor.
Introduction
As a kind of new energy storage device between battery and conventional capacitor, supercapacitor has drawn much attention recently due to its high power density and long cycle life [1] [2] [3] [4] . Besides, it was assumed to be one of the most promising energy storage devices for various applications such as brake energy recovery systems, hybrid electrical vehicles, digital telecommunication systems [5, 6] , etc. It is known that the surface area, pore size, and purity texture have significant influence on the performances of supercapacitor for the electrode material [7] . So far, AC has been widely applied in electrode material for supercapacitor applications, owing to its advantages of good chemical stability and conductivity, large surface area, low cost [8] [9] [10] [11] , etc. However, the AC products show a high K + content due to the process limitations of KOH activation, as a result, the already-formed AC pores were blocked, which had a negative effect on the specific capacitance and cycle life of supercapacitor. Therefore, it is necessary to remove the K + from the AC, aiming to greatly improve the electrochemical performances of supercapacitor.
In general, the K + existed in the AC often spreads in the pores, and HCl washing cannot efficiently remove it. Although ultrasound oscillation was effective to disperse K + into solution, oxidation process is able to weaken the force between AC pore walls and K + , resulting in deeply purification of the AC samples. Therefore, this study aims to make use of a novel oxidation-ultrasound process to reduce the K + content of ACs. The effect of K + content on AC properties will be reflected by the physical and electrochemical performances.
Experimental

Preparation of AC sample
In this study, coconut shell was used to prepare AC by KOH activation. First of all, the coconut shell was subjected to be carbonized at 600°C for 1 h and was crushed to obtain a particle size of about 1 mm. Then 50 wt% KOH solution with the KOH/C weight ratio of 4:1 was mixed with the coconut shell carbide in a stainless steel reactor. In addition, the mixture was activated in a muffle furnace in which the mixture was first pretreated at 350°C for 2 h under air atmosphere, then heated up to 800°C at a heating rate of 10°C min −1 , and maintained at 800°C for 1 h under sealed condition. After cooled down to the room temperature, the resultant samples were subsequently washed with distilled water until a pH of approximately 6 was obtained. Finally, the prepared AC samples were dried at 120°C for 10 h under vacuum condition.
Removal of the K+ from AC sample
There are two steps included in the removal process of the K + . In the first step, 2.0 g as-obtained AC was impregnated with 100 ml 0.3, 0.5, 0.7, 1.0, and 1.2 wt% of HCl solution, respectively. Then the mixture was stirred at 80°C for 30-150 min in an electro-thermostatic water cabinet. The oxidation-ultrasound process was used to purify the HCl-washed AC deeply in the second step. In an ultrasonic oscillator, 100 ml different weight ratios 0, 0.2, 0.4, 0.6, 0.8, and 1.0 wt% of H 2 O 2 solution were mixed with 2.0 g HCl-washed AC for 2-10 h at 10-80°C. The final treated samples were dried at 120°C under vacuum condition overnight. After that, the resulting AC samples were named AC-W, AC-W-H, and AC-W-H-U, corresponding to the water, HCl, and oxidation-ultrasound treatment on AC, respectively.
Characterizations
Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure the K + content of ACs. Scanning electron microscopy (SEM, S-3400, Hitachi) was used to exhibit the surface morphologies of the samples. Nitrogen (77 K) adsorption was carried out using a Micromeritics ASAP 2020 analyzer to detect the porous properties of ACs. The specific surface area values, total pore volume, and the pore size distribution of activated carbons were calculated by the BET method, according to the adsorbed amount and density functional theory (DFT), respectively.
Electrochemical characterization
The capacitive performance measurements were carried out at room temperature in a threeelectrode system on an electrochemical workstation (Bio-Logic, France) in 1 M H 2 SO 4 electrolyte. The active AC materials, acetylene black, and 5 wt% PTFE with a weight ratio of 8.5:1:0.5 were fully mixed and grounded in a mortar. Then the mixture was pressed onto a Ni-foam current collector to form the working electrode. And Ag/AgCl and platinum foil were employed as the reference and counter electrode, respectively. The capacitive behavior of the AC electrode was characterized by CV, GCD, and electrochemical impedance spectroscopy (EIS) measurements. CV was performed from 0.01 to 0.9 V at various scan rates in a range of 5-200 mV s −1 , GC curve was measured from 0.01 to 0.9 V at different current densities ranging from 0.1 to 5 Ag Figure 3(a-c) shows the surface morphologies of the AC-W, AC-W-H 1%/120min , and AC-W-H 1%/120min -U 0.6%/60°C/8h by SEM at 1000× magnification. It can be seen clearly that the morphologies of the AC samples display an obvious change on the surface. The AC-W has large quantities of uncarbonized substances presented on the surface. The AC-W-H 1%/120min has relatively flat and smooth surface compared to the AC-W, but there are still some residues on the surface. Meanwhile, as shown in Figure 3(c) , the surface of the AC-W-H 1%/120min -U 0.6%/60°C/8h was very clean and smooth, confirming that the oxidation-ultrasound process has a significant effect on the purification of AC, which is consistent with the aforementioned results of the K + content. 
Sample characterization
Morphology characterization
Porous texture characterization
It was reported that the specific surface area and pore size of AC were critical factors for electrochemical capacitor applications [14] , hence, the N 2 adsorption-desorption isotherms and corresponding pore size distribution curves of the as-prepared ACs were analyzed as shown in Figure 4 . Table 2 gives the textural characteristics and specific capacitance of the samples. It was noticed that the presented isotherms were type I for all samples according to IUPAC classification [15, 16] . The N 2 adsorption volume of the AC-W achieved saturation at low relative pressure of 0.1 and the lowest isotherm was observed, suggesting that a great number of activating agents (KOH) are still blocking in the AC pores, especially the mesopores. The AC-W-H 1%/120min displays significantly higher isotherm than the AC-W and its N 2 adsorption volume shows a gradual increase until the relative pressure of 0.4, implying that most of the KOH remained in the AC pores are removed by HCl washing. As for the AC-W-H 1%/120min -U 0.6%/ 60°C/8h . The existence of a hysteresis loop in the desorption branch at the relative pressure of 0.47 was observed obviously. And the isotherm with a highest adsorbed volume indicated that the deep removal of the K+ along with other residues from the AC pores by the oxidationultrasound process greatly increased the mesopore volumes. 
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which was the characteristic of electrochemical double-layer capacitance [18] [19] [20] . Furthermore,
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the CV curve of AC-W-H 1%/120min -U 0.6%/60°C/8h electrode exhibits a bigger current response and represents the GC curves of the AC-W-H 1%/120min -U 0.6%/60°C/8h measured in a current density range of 0.5-5 A/g. It was obvious that the discharging time dropped as the current density increased, while the curve was constant as typical triangle shape even at a high loading current density of 5 A/g, revealing that the AC-W-H 1%/120min -U 0.6%/60°C/8h as electrode material is promising for a high performance supercapacitor. In addition, the specific capacitance of the AC electrodes can be calculated from the charge-discharge curves based on the following equation [25, 26] :
where C g is the specific gravimetric capacitance (F/g), I is the current loaded, ∆t is the discharge time (s), ∆V is the potential change during the discharge process, and m (g) represents the mass of the AC. As shown in Table 2 , the AC-W-H 1%/120min -U 0.6%/60°C/8h has the highest specific gravimetric capacitance of 306 F/g, which is more than twice as large as that of the AC-W (147 F/g), and increases by about 20% compared with the AC-W-H 1%/120min (255 F/g). The enhanced specific capacitance of AC samples can be ascribed to the enhancement of the surface area, effective pore volume and purity, as confirmed by the above results of K + content and N 2 adsorption-desorption isotherms. Figure 7 shows the cyclic stability of AC-W, AC-W-H 1%/120min and AC-W-H 1%/120min -U 0.6%/60°C/8h electrodes detected by galvanostatic charge-discharge at the current density of 1 A/g for 3000 cycles. The specific capacitance of AC-W decreased obviously from 147 to 125 F/g after 1000 cycles and was maintained at about 116 F/g with the capacitance retention of 79% after 3000 cycles. The specific capacitance of AC-W-H 1%/120min is relatively stable and achieves capacitance retention of 91% after 3000 cycles. The specific capacitance for AC-W-H 1%/120min -U 0.6%/60°C/8h is found to be 306 F/g in the first cycle and 294 F/g after 3000 cycles with a coulombic efficiency of 96%, revealing the excellent stability and reversibility of the AC-W-H 1%/120min -U 0.6%/60°C/8h electrode. EIS measurements are employed to obtain impedance performance information. Typical Nyquist plots for AC-W, AC-W-H 1%/120min and AC-W-H 1%/120min -U 0.6%/60°C/8h electrodes are presented in Figure 8 . Results revealed that a semicircle in the high-frequency region and a straight line in the low-frequency region were observed in all the three plots [27] . And the plot of AC-W-H 1%/120min -U 0.6%/60°C/8h sample displays a relatively smaller semicircle than that of AC-W and AC-W-H 1%/120min samples in the high-frequency region, indicating a lower charge transfer resistance. This may be ascribed to the larger mesopore volume and lower K + content of AC-W-H 1%/120min -U 0.6%/60°C/8h , which can facilitate the rapid diffusion of electrolyte ions into the pores of electrode materials. In addition, the AC-W-H 1%/120min -U 0.6%/60°C/8h shows more vertical line leaning to imaginary axis in the low-frequency region [28] , suggesting better capacitive behavior than AC-W and AC-W-H 1%/120min .
Conclusions
In this work, ACs with high performance for supercapacitor are prepared from coconut shell by KOH activation, using a novel oxidation-ultrasound process to deeply remove the K + of AC. The experiment results demonstrate that the AC samples washed with 1.0 wt% HCl solution for 120 min and subsequently treated with 0.6 wt% H 2 O 2 solution at 60°C in an ultrasonic oscillator for 8 h possess a very low K + content of 46 mg/kg. Compared to the AC-W and AC-W-H 1%/120min , the AC-W-H 1%/120min -U 0.6%/60°C/8h exhibits a larger surface area and pore volume of 3460 m 2 /g and 1.869 cm 3 /g. As the electrode material for electrochemical application, the AC-W-H 1%/120min -U 0.6%/60°C/8h showed a high specific capacitance of 306 F/g with a coulombic efficiency of 96% after 3000 cycles. The oxidation-ultrasound process has a great potential to produce ACs with high performance for supercapacitor applications.
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